Spastin, the most common locus for mutations in hereditary spastic paraplegias 1 , and katanin are related microtubule-severing AAA ATPases 2-6 involved in constructing neuronal 7-10 and noncentrosomal 7,11 microtubule arrays and in segregating chromosomes 12, 13 . The mechanism by which spastin and katanin break and destabilize microtubules is unknown, in part owing to the lack of structural information on these enzymes. Here we report the X-ray crystal structure of the Drosophila spastin AAA domain and provide a model for the active spastin hexamer generated using small-angle X-ray scattering combined with atomic docking. The spastin hexamer forms a ring with a prominent central pore and six radiating arms that may dock onto the microtubule. Helices unique to the microtubule-severing AAA ATPases surround the entrances to the pore on either side of the ring, and three highly conserved loops line the pore lumen. Mutagenesis reveals essential roles for these structural elements in the severing reaction. Peptide and antibody inhibition experiments further show that spastin may dismantle microtubules by recognizing specific features in the carboxy-terminal tail of tubulin. Collectively, our data support a model in which spastin pulls the C terminus of tubulin through its central pore, generating a mechanical force that destabilizes tubulin-tubulin interactions within the microtubule lattice. Our work also provides insights into the structural defects in spastin that arise from mutations identified in hereditary spastic paraplegia patients.
1
Spastin, the most common locus for mutations in hereditary spastic paraplegias 1 , and katanin are related microtubule-severing AAA ATPases [2] [3] [4] [5] [6] involved in constructing neuronal [7] [8] [9] [10] and noncentrosomal 7, 11 microtubule arrays and in segregating chromosomes 12, 13 . The mechanism by which spastin and katanin break and destabilize microtubules is unknown, in part owing to the lack of structural information on these enzymes. Here we report the X-ray crystal structure of the Drosophila spastin AAA domain and provide a model for the active spastin hexamer generated using small-angle X-ray scattering combined with atomic docking. The spastin hexamer forms a ring with a prominent central pore and six radiating arms that may dock onto the microtubule. Helices unique to the microtubule-severing AAA ATPases surround the entrances to the pore on either side of the ring, and three highly conserved loops line the pore lumen. Mutagenesis reveals essential roles for these structural elements in the severing reaction. Peptide and antibody inhibition experiments further show that spastin may dismantle microtubules by recognizing specific features in the carboxy-terminal tail of tubulin. Collectively, our data support a model in which spastin pulls the C terminus of tubulin through its central pore, generating a mechanical force that destabilizes tubulin-tubulin interactions within the microtubule lattice. Our work also provides insights into the structural defects in spastin that arise from mutations identified in hereditary spastic paraplegia patients.
Drosophila spastin is composed of an amino-terminal domain, a microtubule-interacting and -trafficking (MIT) domain that alone binds weakly to microtubules 3 , a poorly conserved linker element, and a carboxy-terminal AAA ATPase domain (Fig. 1a) . The N-terminal region is not required for severing, because a MIT-AAA construct lacking this region robustly severs microtubules (Fig. 1a, b ) [3] [4] [5] , has an ATPase rate similar to the full-length protein 4 and displays tight microtubule binding (Fig. 1b) . The N-terminal region also may not be expressed in all spastin isoforms (see Supplementary Information). A segment of the poorly conserved linker (residues 390-442) is also not essential for robust microtubulesevering in vivo; however, truncation of the linker to ,40 residues abolishes severing but not microtubule binding ( Supplementary Fig.  1 ). The AAA construct has weak severing, ATPase and microtubulebinding activities compared with a longer construct containing the AAA and MIT domains ( Fig. 1b and Supplementary Fig. 1 ). These results differ from a recent study 14 that concluded that the MIT domain is not involved in microtubule-severing.
We solved the X-ray structure of the nucleotide-free, monomeric AAA domain of Drosophila spastin (residues 464-758) at 2.7 Å resolution (R free 5 28.7%; Supplementary Information). Similar to other AAA proteins, the enzymatic core of spastin contains a central a/b nucleotide-binding domain (NBD) and a smaller four-helix bundle domain (HBD). A marked feature of the spastin structure is its open nucleotide pocket, which explains the absence of a bound nucleotide, despite the presence of 0.5 mM adenosine 5'-O-(3-thiotriphosphate) (ATPcS) in the crystallization solution. Comparison of our nucleotide-free spastin structure with the ATP-bound structure of N-ethylmaleimide-sensitive fusion protein (NSF) (an AAA protein involved in membrane fusion 15 ) reveals that an extended loop involved in nucleotide contact and protomer-protomer interactions in NSF ( Supplementary Fig. 2 ) is pulled away from the nucleotide pocket in spastin by the packing of the linchpin Trp 482 in a conserved hydrophobic pocket (Fig. 1g) . The pocket for Trp 482 is suboptimal, compatible with movement of the tryptophan and rearrangement of the flap on ATP-induced hexamerization or/and substrate binding.
Uniquely among known AAA structures, spastin has two helices (N-terminal a1 and C-terminal a11) that embrace the NBD (Fig. 1c and Supplementary Fig. 3 ). The amphipathic N-terminal helix is anchored to the body of the NBD by interdigitating hydrophobic residues (Leu 470/Ile 473/Val 474; Fig. 1d ). Mutation of these residues to alanine reduced ATPase activity by ,90% and abolished microtubule-severing, while preserving microtubule binding ( Fig. 1f and Supplementary Fig. 4 ). Mutation of invariant Leu 567 located at the helix a1-NBD interface causes hereditary spastic paraplegias (HSP) 16 . Solvent-exposed residues on the N-terminal helix also have important roles; L465F and the triple mutant L465A/D471A/E472A markedly decreased microtubule-severing (Fig. 1f) without significantly affecting the ATPase. The C-terminal helix, which is also present in the closely related enzyme VPS4 (vacuolar sorting protein 4) 17 , and part of the preceding conserved linker wrap around the phosphate-binding loop (P loop) of the NBD (Fig. 1e) . Mutation of the highly conserved Tyr 753 at the end of the C-terminal helix to alanine effectively inactivated the enzyme (Fig. 1f) , whereas a Y753F mutation still showed severing activity in vivo (Supplementary Fig. 4) . Thus, our structural and mutational analyses indicate that helices a1 and a11 of spastin have important roles in allosteric control of the ATP-binding site and possibly in substrate binding (discussed below).
We next obtained structural information on a hexameric spastin construct using small-angle X-ray scattering (SAXS). A Caenorhabditis elegans MIT-AAA construct was used because it is monodisperse at the concentrations (.5 mg ml -1 ) required for collecting high-quality SAXS data. Compared to Drosophila spastin, C. elegans spastin lacks an N-terminal domain and has a shorter linker between the MIT and AAA domains; nonetheless, it displays microtubule-severing activity 18 ( Supplementary Fig. 5a ). We first examined the oligomeric state of C. elegans spastin in its nucleotide-free (apo) and ATP-bound states by static multi-angle light scattering. To create a stable, noncycling ATP-bound state, we prepared a well-described AAA mutation that blocks nucleotide hydrolysis (E278Q; E583Q in Drosophila spastin). Static light scattering revealed that the apoenzyme exists in equilibrium between a monomeric and a weak dimeric state, whereas ATP-bound spastin is a hexamer, a quaternary structure adopted by many AAA proteins 19 ( Supplementary  Fig. 5 ). Unlike many AAA ATPases, but similar to katanin 20 , spastin exists mostly as a monomer at submicromolar concentrations, even in the presence of ATP (data not shown).
SAXS data were used to generate low-resolution ab initio 21 models of three-dimensional arrangements of scattering centres that provide the shape of the molecular envelope of the hexamer (Methods; Fig. 2 and Supplementary Fig. 6 ). The models from seven independent ab initio simulations were aligned, averaged and filtered on the basis of occupancy to obtain a most probable model. The close agreement between the total volume enclosed by the superposition of the individual runs (the composite structure) and the most probable density map (the filtered structure) indicates the robustness of the ab initio reconstructions. The filtered structure shows a central ring with a double trapezoid cross-section (130 Å 3 65 Å ), a ,20-Å -diameter central pore, and slender arms radiating ,50 Å outward and extending towards one face of the ring (Fig. 2) . The clear reconstruction of the arms also indicates that the linker, although unlikely to be rigid, adopts some defined structure and is not completely disordered. Shortening the linker to ,40 residues disables microtubule-severing (but not microtubule-binding, Supplementary Fig. 1 ), suggesting some length and/or sequence requirement for this region. The asymmetric position of the arms defines a polarity to the overall structure (two faces, herein termed face A and B). We generated an atomic model for the AAA hexameric core of spastin by superimposing our nucleotide-free spastin monomer X-ray structure onto the crystal structure of the NSF hexamer. This model was docked into the SAXS reconstruction with the N-and C-terminal helices on faces A and B, respectively (Figs 2b,c; for details about the fit, see Supplementary Fig. 6 and Supplementary Information).
Several AAA proteins (for example, the bacterial proteins ClpX, ClpA and ClpB) remodel their substrates by threading the end of the polypeptide chain through a central pore in their rings 19, 22, 23 . The microtubule-severing activities of spastin and katanin depend on the ,20-residue disordered and negatively charged C-terminal tails of tubulin 3, 6 , suggesting an analogous mechanism for spastin and katanin. In support of this model, we found that a 23-mer peptide corresponding to the C-terminal tail of b-tubulin inhibited microtubule-severing by ,70% at 0.5 mM, whereas a randomized (scrambled) peptide of identical amino acid composition or an a-tubulin peptide that contains the C-terminal tyrosine (a-Tyr peptide) did not show detectable effects (Fig. 3a) . The large concentration of peptide needed to observe inhibition is not surprising given the high local concentration of tubulin tails encountered by microtubule-bound spastin. Involvement of the b-tubulin tail is consistent with genetic data showing that a charge-reversal mutation in this region suppresses the lethality of ectopic katanin activity 24 . We also found that an antibody that recognizes exposed glutamate residues on the C-terminal tails of tubulin (detyrosinated a-tubulin with a final C-terminal glutamate as well as b-tubulin and polyglutamylated tubulin) completely inhibited spastin-mediated severing. In contrast, a 'Tyr' antibody that recognizes a-tubulin with a C-terminal tyrosine 25 (,50% of brain tubulin 26, 27 ) did not inhibit severing, even though the antibody binds to microtubules (Fig. 3b and Supplementary Fig. 7b ). Although we did not detect a robust inhibitory effect of a detyrosinated a-tubulin peptide, an antibody that recognizes the tail of Glu-a-tubulin 27 partially inhibited severing ( Supplementary Fig. 7c ). Collectively, these in vitro data support a model in which spastin interacts with the acidic tubulin C-terminal peptide during the severing reaction and may recognize specific features of the C-terminal peptide.
To explore this model further, we examined the roles of three solvent-exposed loops within the pore that are highly conserved among spastins and katanins (Fig. 3c) . Mutations in pore loop 1 of Drosophila spastin, which has been shown to be important for the substrate-remodelling activity of several other AAA proteins 22, 23, 28 , abolished severing (Figs 3c, d ) but preserved microtubule binding (Supplementary Table 2 and Supplementary Fig. 8 ). After submission of this work, similar results were obtained in ref.
14. Mutations of solvent-exposed residues in pore loops 2 and 3 also completely inhibited or severely crippled the enzyme (Figs 3c, d) . However, the disease mutant S589Y retains some activity, suggesting neurons Addition of a-Tyr peptide had no detectable effect on severing rates, whereas a b-tubulin C-terminal peptide reduced the severing rate. A scrambled peptide had no detectable effect (see Methods). Scale bar, 5 mm. b, Antibodies (Ab) recognizing Glu-a-tubulin, b-tubulin and polyglutamylated tubulin (anti-'Glu') inhibit spastin-mediated severing completely at 1:2 antibody:tubulin molar ratio (the same level of protection was seen even 30 min after spastin addition), whereas antibodies recognizing Tyr-a-tubulin (anti-Tyr) did not protect against severing, even at a 5:1 antibody:tubulin molar ratio (antibody binding to these microtubules demonstrated in Supplementary Fig. 7b ). c, Left, conservation of the three pore loops. Loop 1 residues are conserved in all AAA ATPases; loops 2 and 3 are specific to the spastin subfamily. Effects on microtubule-severing of mutations in pore loop residues are shown on top of the alignment: red, inactive; black, severely crippled; green, active. Asterisks denote disease mutations. The effects of mutations generally decrease in severity from the pore entrance to the exit, with loop 1 being the least permissive to substitutions. Right, positions of pore loops (labelled 1, 2 and 3) in the spastin hexamer, in a cross-sectional view of the pore. Side-chains for residues K555, Y556 and D559 as well as residues 592-596 are not visible in the electron density maps and are presumed to be disordered. 21 of C. elegans spastin (MIT 1 AAA; residues 15-452, ATP-hydrolysis-deficient E278Q mutant). Shown is a cross-section through the filtered (magenta) and composite (blue) SAXS envelopes. The composite structure consists of the aligned, superimposed and summed models from seven independent simulations, whereas the filtered model corresponds to the most probable density map. b, c, Fit of a spastin hexameric model into the SAXS reconstruction (equatorial (b) and axial (c) views). In the absence of an atomic model of the MIT 1 linker, its precise location within the envelope is uncertain. Maximal diameter is given at various heights of the structure. c shows face A of the hexamer. For details, see Methods. Colour-coding for spastin is as in Fig. 1c. d, e, Surface properties of face A (d) and face B (e). Top image of d and e, solvent-accessible surface of the spastin hexamer model, colour-coded for amino acid similarity as in Supplementary Fig. 3 (white, 40% identity, to dark red, 100% identity, among spastin and katanins). Bottom, solventaccessible surface of the spastin hexamer model, colour-coded for electrostatic potential (red, negative; blue, positive, ranging from -12 kT to 12 kT).
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LETTERS are susceptible to disease with partial spastin activity. Mutations of surface residues leading to the pore (Fig. 3d) also markedly affected the activity of spastin (for example, L465F and L465A/D471A/E472A in Fig. 1f , and K562A and K562R in Supplementary Fig. 4 ).
In conclusion, the combination of X-ray crystallography, SAXS ab initio reconstructions and structure-guided mutagenesis provides the first structural information on microtubule-severing proteins and allows us to propose a molecular model for spastin-mediated severing (Fig. 4a) . Owing to their similar domain organization and high sequence similarity, this model probably pertains to katanin as well. We propose that face A of the spastin AAA ring docks onto the microtubule, placing the positively charged N-terminal pore entrance in contact with the negatively charged C terminus of tubulin. The translocation from face A to face B would correspond to the direction of substrate translocation proposed for the distantly related AAA ATPases ClpX, ClpA and ClpB 22, 28, 29 . The linker and MIT domains extending from the ring would make additional contacts with the microtubule, thus increasing microtubule avidity and potentially stabilizing the hexamer on the microtubule 20 . On the basis of our affinity measurements, only a subset of the six arms is likely to make strong binding interactions with the microtubule (Fig. 4a) . We propose that the tubulin polypeptide is threaded through the pore, perhaps driven by nucleotide-driven conformational changes of the pore loops. However, spastin may not need to completely translocate the tubulin polypeptide substrate, but instead just grip the C-terminal tubulin tail and exert mechanical 'tugs' that might partially unfold tubulin or locally destabilize protomer-protomer interactions, leading to catastrophic breakdown of the microtubule lattice. It also remains possible that the MIT domains could participate in this nucleotide-driven process by binding and 'feeding' the C-terminal tails to the pore. Further biophysical characterization will be needed to decipher the structural details of substrate recognition and mechanical force production. Our data also suggest that spastin may selectively recognize post-translationally modified tubulins ('Glu' tubulins) that are part of stable microtubules. Consistent with this idea, loss of spastin in Drosophila results in the accumulation of stabilized polyglutamylated tubulin in neurons 8 and spastin knockout mice show axonal swellings enriched in detyrosinated, stable microtubules 30 . Our structure also provides the first glimpse into how spastin disease mutations contribute to spastin dysfunction and disease, most of which we suggest are involved in destabilizing protomer-protomer interactions, microtubule-or ATP-binding ( Fig. 4b and Supplementary Fig. 4 ); in such cases, spastin-linked HSP is probably caused by haploinsufficiency and not a dominant negative effect. Further elucidation of the mechanistic details of how spastin interacts with particular tubulin isoforms and posttranslational modifications and leads to microtubule destabilization may provide insight into the origin of spastin paraplegias and potential treatments for this disease.
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Crystallographic statistics can be found in Supplementary Table 1 .
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature. Fig. 4 ).
METHODS
X-ray structure determination. The expression, purification, crystallization and X-ray structure determination are described in Supplementary Methods. Multi-angle light-scattering measurements. These experiments are described in Supplementary Methods. Solution X-ray scattering data acquisition, analysis and modelling. SAXS data for the reconstructions of the C. elegans spastin holoenzyme bound to ATP were collected at the SIBYLS beamline at the Advanced Light Source (ALS), Lawrence Berkeley National Laboratory (details on data collection are provided in Supplementary Methods). Data were collected at concentrations of 9 mg ml -1 , 5 mg ml -1 and 2.5 mg ml -1 . The raw scattering data were scaled, and buffers were subtracted by using software written by G. Hura (ALS SYBILS). Individual scattering curves were visually inspected before averaging to ensure radiation damage was minimal. There was no evidence for radiation-induced aggregation. Individual scattering curves collected at different concentrations were scaled and merged in PRIMUS to yield a low-noise composite curve. The radius of gyration (R g ) was initially computed from the Guinier plot 31 as 58.5 Å . The pair distance distribution function P(r) was calculated using the indirect Fourier transform method of Svergun as implemented in the program package GNOM 32 . The value for D max was determined empirically by examining the quality of the fit to the experimental data for a range of D max values from 220 Å to 235 Å . A value of 230 Å was used in the ab initio modelling.
The program GASBOR 21 was used to provide a shape for the molecular envelope of the hexamer. Because the inverse scattering problem has no unique solution, eight ab initio reconstructions were performed. GASBOR assigns a pseudo residue to each residue in the protein. The only information that went into the shape reconstructions, other than the X-ray scattering curve, is the number of residues to be modelled and the value of D max . Six-fold symmetry was imposed. Because the simulation uses a constant number of equal-density scattering elements, the regions in the structure that are flexible are assigned different positions in the individual simulations. The eight independent reconstructions have the same overall architecture. The dummy atom models resulting from the eight individual GASBOR runs were aligned, averaged and scored with a normalized structural difference (NSD) using DAMAVER 33 . The criterion for inclusion in averaging procedures was NSD , mean NSD 1 2 3 variation. Model 6 was discarded using this criterion (Supplementary Fig. 6 ). The seven selected ab initio models agreed well, yielding 1.442 6 0.137 (NSD 6 s.d.). A most-probable model can be generated by filtering the results of the seven independent reconstructions. The level of heterogeneity among the individual GASBOR models is apparent when the averaged and filtered model is compared to the total volume enclosed by the superposition of the models from the individual simulations (the composite structure from seven independent simulations). Figure 2 shows the aligned, superimposed and summed individual GASBOR models (light blue) and the filtered model (magenta). Supplementary Fig. 6 shows thin vertical and horizontal slices through the composite and filtered models as well as four independent reconstructions ( Supplementary  Fig. 6g ). The comparison between the solution scattering curve (black line) and computed scattering curves for the eight models is shown in Supplementary  Fig. 6c . The fit between the atomic model of the hexameric ring and the SAXS model is shown in Fig. 2 (Supplementary Fig. 6f ; details in Supplementary Information). Microtubule binding, ATPase and severing assays. Microtubule binding and ATPase assays are described in Supplementary Methods. For the in vitro microtubule-severing assays, spastin constructs (0.15 mM) were added to microtubule-coated flow cells with 1 mM ATP, 2 mg ml 21 casein, 10 mM taxol and an oxygen-scavenging system described in ref. 34 (details in Supplementary Information). Images were recorded every 15 s using a Zeiss inverted microscope with a Hamamatsu ORCA-AG camera. The rate of microtubule-severing was determined by measuring the rate of shortening of severed microtubules (gaps of 1 mm to 3 mm) from their ends over time. These measurements were done in the 'burst phase' of the reaction, before there were too many severing sites that would destabilize and unravel the microtubule lattice, probably in a spastin-independent manner. Reported rates were derived from measurements at 21280 separate severing sites, with the exception of mutant Y753A where only seven breaks were observed owing to its low activity. Similar relative activities for the constructs were obtained by measuring the total number of microtubule breaks (scored manually from time-lapse imaging) per unit length of microtubule per unit time (not shown).
For the peptide studies, MIT 1 AAA Drosophila spastin was pre-incubated for 30 s with the indicated concentration of peptide (97% pure from SynBio Inc.) and then perfused in the flow chamber. a-Tyr peptide, CEVGVDSVEGEG-EEEGEEY; b-tubulin C-terminal peptide, CQYQDATADEQGEFEEEGEEDEA; scrambled peptide, CQETAEEYQDEEQGEADAEDFG. Data were recorded and analysed as described above. For the antibody studies, microtubules were immobilized to the glass surface and the various antibodies were perfused into the chamber and incubated for 10 min, followed by three washes and then addition of the Drosophila MIT 1 AAA construct and ATP. The antibody referred to as anti-Glu is a monoclonal antibody specific for Glu-a-tubulin (Synaptic Systems, CI 1D5); however, it cross-reacts with b-tubulin and polyglutamylated tubulin, but does not recognize tyrosinated a-tubulin. The same level of protection from severing was seen even 30 min after spastin addition. The antibody referred to as anti-Tyr is a monoclonal antibody specific for tyrosinated a-tubulin (Synaptic Systems, CI 20C6). The polyclonal antibody specific for Glu-a-tubulin 27 was used at a 1:10 dilution from serum ( Supplementary Fig. 7 ). The same level of protection from severing was observed even 30 min after spastin addition.
